The dip-coating method has been used to prepare silica membrane. The gas flow rate relationship with the gauge pressure showed a Knudsen type of mechanism of gas transport. The flux was found to decrease with respect to temperature indicating non-activation mechanism of transport through the membrane. The order of the gas kinetic diameter with respect to the gas flow rate was He > Ar > CO2 > N2 confirming a molecular sieving mechanism of gas transport. The characterisation of the resin catalysts was carried out using scanning electron microscopy (SEM). The SEM morphology of the Amberlyst 16 resin catalysts showed a defect-free surface before esterification process. Amberlyst 15 catalyst exhibited some defect on the surface indicating a lower resistance to lactic acid and decomposition at higher temperature after the esterification process at 60˚C. The order of the gas viscosity with respect to the gas flux was N2 > Ar > CO2 > He.
Introduction
New technology has emerged in order to improve the ethyl lactate through the esterification of acid and ethanol * Corresponding author. using pervaporation membrane process and reactive distillation [1] . Lactic acid esterification reaction is a reversible reaction in nature; hence, the conversion of lactic acid is limited by equilibrium [2] . In order to obtain a high yield of the ester, different methods have been suggested including introducing more of the alcohol to the reaction and increasing the temperature and also employing a catalytic ceramic membrane which will help to shift the equilibrium to the product side by selective removal of water. Although the traditional method of solving equilibrium problems in esterification reactions involves the addition of an excess amount of alcohol to the reaction system, using a membrane can result in higher conversion by shifting the chemical equilibrium towards the formation of the product by in-situ removal of water from the reaction mixture [3] . Membrane-based separation technologies have been successfully employed over the years in several industrial applications including food, biotechnology, pharmaceutical and in the treatment of industrial effluents [4] . Membranes have also replaced a lot of conventional technologies because of the following advantages including: reliability, simple to operate, absence of moving parts and ability to tolerate fluctuations in flow rate and feed composition [4] [5].
Compared to other membranes, ceramic membranes have more thermal, mechanical and chemical stability. Gas transport through inorganic membranes is more complex in contrast to polymeric membranes [6] . Materials including SiO 2 , Al 2 O 3 , ZrO 2 and TiO 2 are the most frequently used materials for ceramic membranes. Inorganic membranes can be prepared using different methods including sol-gel, sintering, chemical deposition and dipcoating methods [7] . Generally the conventional dip-coating process involves two major steps: support dipping and support withdrawal [8] . The suitability of a ceramic membrane depends on the membrane selectivity and permeability [9] . However, gas transport through porous ceramic membrane can be explained using different mechanism of transport including surface diffusion, capillary condensation, viscous flow, molecular sieving and Knudsen diffusion [10] . Viscous flow occurs if the pore radius of the membrane is larger than the mean free path of the permeating gas molecule; in this case more collision will take place between gas molecule than with the pore walls of the membrane. Knudsen diffusion mechanism also occurs if the mean free path (λ) of the permeating gas molecule is greater than pore diameter (d). This indicates that the Knudsen number (K) is greater than 1, i.e. K = λ/d ˃ 1 [11] . Molecular sieving occurs when the diameter of the gas molecule is very close to that of the pores of the membrane. In capillary condensation mechanism, separation can takes place in the pores of the membrane with mesoporous layer in the presence of condensable gas specie [6] [12] . Surface diffusion mechanism enables permeation rate relative to Knudsen diffusion in such a way that the gas is strongly adsorbed on the pore wall of the membrane [13] .
Experimental
The four gases used for the carrier gas permeation tests include: nitrogen (N 2 ), argon (Ar), helium (He) and carbon dioxide (CO 2 ). The gases were supplied by BOC, UK. The permeation test was carried out at the feed pressure drop of 0.10 -1.00 bar and at 393 K. The membrane support was dip-coated twice before the permeation analysis. The effective length of the membrane was 36.6 cm, while the inner and outer radius of the membrane was 7 and 10 mm respectively. The support modification process was carried out based on the procedure developed by Gobina (2006) [14] . Figure 1 shows the single gas permeation setup [15] . The surface morphology of the Amberlyst 15 and Amberlyst 16 resin catalysts was examined using the Zeiss EVO LS10 Scanning electron microscopy (SEM) at the magnification of 10 μm and 100 μm respectively. ) and feed gauge pressure (bar) at 393 K. From Figure 2 , it can be seen that the gas flow increase with feed pressure at 393 K. Gases with the higher molecular weight exhibited low flow rate indicating Knudsen flow mechanism. Figure 3 shows the relationship between the gas flux and the inverse of viscosity of the gases. It was observed that Ar (17.81) and N 2 (15) with the least viscosity values exhibited a higher flux in contrast to CO 2 (22.7) and He (20) gases. Although Ar and CO 2 gas viscosity are not close but they exhibited almost the same flux. It was suggested that there could have been some contribution of viscous flow mechanism of transport. Figure 4 shows the relationship between the gas flow rate and the gas kinetic diameter at 393 K and at 0.80 bar gauge pressure. From Figure 4 , it was found that the He and CO 2 gas with the least kinetic diameter of 2.65 Å and 3.30 Å respectively, showed a higher flow rate than Ar and N 2 gas with the higher kinetic diameter of 3.40 Å and 3.64 Å respectively indicating molecular sieving mechanism of gas transport through the membrane. The permeability of the membrane was calculated to determine pore size and the mean free path of the gases through the membrane as shown in Table 1 . From Table 1 , the results obtained showed that the membrane pore radius for the gases was all smaller than the mean free path, indicating Knudsen mechanism of transport. This results corroborate with a report by Benito et al. [16] , that Knudsen diffusion is the dominate mechanism, if the membrane pore radius is smaller than the mean free path of the molecules. (Figure 5(a) ) and Amberlyst 15 (Figure 5(b) ) before the esterification reaction was expected to show a smooth surface. Marginal defect observed on the surface of the commercial Amberlyst 15 would probably have originated from the sulphonic acid group in which solid catalyst is made up of thereby indicating a strong catalytic effect. A similar result was obtained by Zhang et al [17] . From Figure 5 (c) and Figure 5(d) , it was observed that the two catalysts exhibited cracks on the surface after the esterification process although that of the Amberlyst 16 was not very pronounced. This was suggested to be the effect of temperature on the polymeric material after the esterification process. From Figure 5(d) ; Amberlyst 15 catalyst showed a less mechanical effect. It was also observed that this catalyst cannot withstand the applied forces of high concentrations of lactic acid from the esterification reaction. It was also observed that Amberlyst 15 exhibited less thermal stability and less resistance at 60˚C indicating that it can decompose easily at higher temperatures. However, Amberlyst 16 was found to be more stable compared to Amberlyst 15 catalyst. ) and temperature (˚C) at 393 K. It can be seen from Figure 6 that the gas flux does not change significantly with temperature. It was suggested that this may be due to transport of He gas diffusing faster through the pores of the silica membrane as the temperature increases in contrast to other gases. CO 2 , N 2 and Ar gas flow decrease continuously with increase in temperature confirming Knudsen type mechanism on the silica membrane at higher gauge pressure range 0.5 bar. Figure 7 depicts the relationship between the gas permeance and the inverse square root of the gas molecular weight at 0.60 bar and 373 K. The experiments were performed in duplicate for repeatability. In Knudsen mechanism, the gas permeance must be directly proportional to the inverse square root of the gas molecular weight. From the result obtained in Figure 7 , it was found that although Ar, N 2 and CO 2 did fit well to the line through the origin, He was observed to deviate from the other gases. Helium transport through the silica is based on a combination of activated and Knudsen mechanisms which explains its deviation from the inverse square root law with permeance. A similar result was also obtained in our previous study [15] . 
Result and Discussion

Conclusion
The morphological characterisation using SEM and gas transport of tubular membrane with single gases before ethyl lactate separations has been investigated. The Amberlyst 16 reins catalysts showed defect-free surface before the esterification processes. Amberlyst 15 exhibited a serious crack on the surface after esterification processes. Amberlyst 16 catalyst was found to be more stable to heat at the esterification temperature of 60˚C in contrast to Amberlyst 15. The membrane exhibited a molecular sieving and Knudsen type flow mechanism with some contribution of viscous flow mechanism. Ar, N 2 and CO 2 gases showed a linear proportionality with inverse square root of molecular weight. He gas showed a deviation from the inverse square root law with permeance. The membrane pore radii for the gases were all smaller than the mean free path. 
